A mathematical model was developed using ANSYS 12.0 in order to simulate non-isothermal melt flows in a delta shaped four strand billet caster tundish. The fluid inside the tundish considered was water, so that the CFD model could later be validated against water model experiments. The buoyancy term was included in the momentum equation using Boussinesq's approximation. Experiments were performed for both the bare tundish, and the tundish fitted with an impact pad. For the bare tundish, step inputs of 5-15°C hotter fluid resulted in significantly stronger natural convection currents towards the extremities of the tundish. On the other hand, for cases of a tundish fitted with an impact pad, the effect of buoyancy driven flows due to step inputs of hot water, was much less pronounced since the pad itself had a big effect on regulating the fluid flow patterns.
Introduction
Practical conditions in a steel plant are generally non-isothermal and this cannot be ignored. The non-isothermal nature of melt flows will occur due to energy losses that take place from the top surface of the steel and from heat losses through the side walls and through the bottom of the tundish. It is also very possible for the temperature of the inlet stream into the tundish from the ladle to vary from heat to heat or with teeming time for the same ladle of steel. Thus, there are many situations in actual practise where the temperature of the incoming stream from the ladle is different from that of the molten steel already present in the tundish. It has been shown by Chakraborty and Sahai, 1) and by Joo and Guthrie, 2) that the fluid flow patterns developed in such cases can be quite different from those obtained under isothermal conditions. Non-isothermal conditions give rise to natural convection and buoyancy driven flows within a tundish that are of a comparable order of magnitude to the inertially-driven components. Thus, it is very useful that water modeling can simulate the non-isothermal aspects of the fluid flow phenomena taking place in a continuous casting tundish. Damle and Sahai 3) examined the necessary modeling criteria for a non-isothermal tundish system. For non-isothermal flows, it is necessary to satisfy thermal similarity in addition to the geometric and dynamic similarities. Fluid flows and mixing of molten steel in a twin-slab-strand continuous casting tundish were investigated using a mixing model under non isothermal conditions by Alizadeh et al. 4) This model led to a set of ordinary differential equations that were solved with a Runge-Kutta algorithm. Steady state water modelling tests were carried out under non-isothermal conditions. Experimental data obtained from the water model were used to calibrate the mixing model. As a result of the presence of mixed convection phenomena in the nonisothermal tundish, parts of the primary fluid were mixed in with the warm incoming fluid. Due to the density difference between the two fluids, fluid channelling became evident within the tundish. The volume flow rate of the fluid in the channel was found to depend on the ratio of inertial to buoyancy forces inside the tundish. They mentioned that if ReT and Tu between two tundishes are identical, (i.e. model and prototype), then the RTD curves would be in absolute accordance with each other. The mixing model results showed that the total mixed flow volume fraction in the non-isothermal tundish was lower than that for an isothermal one. R. D. Morales et al. 5) reported on buoyancy effects on the melt © 2012 ISIJ flow pattern for continuous slab casters. Thermal responses of step-input temperatures in steel for different flow rates were predicted. The molten steel velocity profiles were determined for these variations in temperatures and flow rates. The importance of natural flow convection was established through a dimensionless number given by the ratio Gr/Re 2 . Buoyancy forces proved to be as important as inertial forces, especially at the extremities of the tundish. The simulations indicated that these forces increase the residence time of the molten steel flowing near the slag layer, allowing more time for the non-metallic inclusions to be captured into the top slag layer. They also found that the turbulence inhibiting devices and impact pads helped to redirect the flow towards the top free surface. It was shown that this device helped to decrease turbulence near the entry zone and has a damping effect on the temperature step inputs, allowing for better control of the casting temperature. The traditional flow control devices such as weirs and dams were not as effective as the turbulence inhibitor. Braun et al. 6) performed transient non-isothermal numerical simulations to investigate the influence of transient boundary conditions at the outlet of the tundish on the flow structure and mixing process of fluid, during the casting process. They emphasized that the tundish is a dynamic system, and hence time dependent in nature, because of the presence of transient thermal boundary conditions at all times. A positive thermal gradient is always formed along the length of the tundish until the ladle is completely drained. However, on opening up a new ladle of liquid steel, the thermal gradient is reversed. Miki and Thomas 7) reported on the effects of thermal buoyancy forces which significantly affect the flow pattern and thus influence inclusion separation. Sheng and Jonsson 8, 9) performed physical and mathematical modelling of non-isothermal fluid flow in continuous casting tundishes. Apart from PIV (Particle Image Velocimetry) and mathematical modelling, they performed tracer dispersion studies, to visualize the flows in the physical model. Tracer dispersion studies are more practical over PIV, because in the latter case it is often very difficult to see the differences between isothermal and non-isothermal flow systems. Ray et al., 10) performed both physical and mathematical modelling work to analyse non-isothermal melt flows in the present delta shaped four strand tundish. In his full-scale water modelling experiments as well as mathematical simulations, it was observed that during step inputs of hot water into a relatively cooler liquid in the tundish, the buoyancy driven flows cause the incoming hotter fluid to move above the remaining colder fluid and to move ahead of it. However, in the physical modelling experiments, he was only able to simulate a step input of +3°C to +4°C, equivalent to a temperature rise of double that in liquid steel (6-8°C). As result of this, little difference was observed between the isothermal and non-isothermal conditions. Moreover, Ray et al., 10) used the McGill standard impact pad in all their experiments, which is also a reason for not being able to capture the effects of natural convection in their studies.
From the above discussion, it is clear that a number of researchers have included non-isothermal fluid flow models to analyze continuous casting tundishes. Nonetheless, when compared to the number of papers published on fluid flow and turbulence in tundishes, information published on nonisothermal melt flows is much less. Also, another important observation, is that mostly single strand tundishes were considered for modelling non-isothermal fluid flow. Mathematical modelling was the preferred choice for most researchers, very few performing physical modelling of nonisothermal tundish systems. In the present study, physical experiments were done in the equivalent one third scale water model of a four strand billet caster tundish.
Step inputs of 5°C, 10°C and 15°C hotter water were introduced into the smaller tundish through the ladle shroud. Thermal gradients of ten to fifteen degrees were shown to have a significant effect on the fluid flow patterns. The bare tundish and the tundish with the McGill standard impact pad were considered. A mathematical model was developed using ANSYS 12.0 and was validated against experimental results. In addition to this, the Residual Ratio of Inclusions was calculated under step-up and step-down conditions and it was found that natural convection has a significant effect on the number of inclusions entraining in the strands. Physical and mathematical modelling of step-up and step-down conditions in a multi-strand tundish and subsequent RRI calculations is really a novel aspect of this study.
Numerical Modelling Procedures
ANSYS 12 was used to perform mathematical modelling of non-isothermal fluid flows in the delta shaped four strand tundish. The calculations were done for the one-third scale delta shaped tundish and symmetry was assumed in both halves of the tundish. Hence, only one half of the tundish was considered. As the water temperature for most of the experiments was around 23°C, the isothermal steady state solution was first computed at T = 296 K.
In order to simulate the transient, non-isothermal fluid flow, the following equation was considered.
....... (1) μ eff , the effective viscosity, in Eq. (1) was calculated using the eddy viscosity approach, along with the standard k-ε model of Launder and Spalding. The turbulent and effective viscosity is calculated by the The recommended values of the constants adopted in this study were C1 = 1.44, C2 = 1.92, Cμ = 0.09, σ k = 1 and σε = 1.3, as proposed by Launder and Spalding.
11)
The last term in Eq. (1) accounts for the density differences between the existing fluid in the tundish, and the hotter or cooler incoming fluid from the ladle. Now the last term in Eq. (1) is formulated based on Boussinesq's approximation. For most natural-convection flows, faster convergence can be achieved using Boussinesq's model, rather than by setting up the problem with fluid density as a function of temperature. This model treats density as a constant value in all solved equations, except for the buoyancy term in the momentum equation. (8) Here, ρref is the reference density of the fluid and β is the thermal expansion coefficient. The Boussinesq's approximation is valid when the temperature changes are small and more specifically when β. ΔT is much less than 1. Now the β for water (or liquid steel) is in the order of 10 The temperature field was coupled with the velocity field through the buoyancy term in Eq. (1) . For all the simulations the walls and free surface of the tundish was assumed to be adiabatic, i.e. no heat flux through the tundish walls and free surface.
To simulate the tracer dispersion, a scalar transport equation was considered.
............. (10) A user defined scalar was considered at the inlet of the tundish. The diffusivity of the scalar in water was assumed to be very low (10 -9 m 2 s -1 ). The value of the scalar at the inlet was maintained as unity throughout the time of the experiment. The walls and free surface of the tundish were assumed to be impervious to the tracer, i.e. zero flux condition was considered at the walls and free surface for the defined scalar. The movements of the tracer with time were monitored and compared with those obtained from the physical experiments. The tracer dispersion behaviour under isothermal and non-isothermal conditions were also compared.
The number of cells generated in the calculation domain was around 500 000, using a finer mesh in the vicinity of the ladle shroud and at the walls of the tundish. The initial steady state solution was obtained at T = 296 K (23°C) using the SIMPLE algorithm for pressure-velocity coupling and the first order upwind scheme for momentum, k, ε, and energy equations. For subsequent transient simulations, the PISO algorithm was used for pressure-velocity coupling. The second order upwind scheme was employed for momentum, k, ε, and energy equations. A time step size of 10 -4 s was used for the transient simulations.
The calculation domain was drawn and meshed using the GAMBIT software package. A schematic diagram of the bare tundish and the tundish fitted with the impact pad are shown in Fig. 1(a) .
Experimental Procedure
Experiments were carried out in the one third scale water model of the delta shaped four strand tundish. Firstly, the bare tundish was considered in all cases in order to capture the effects to buoyancy driven flows alone. Insertion of flow control devices changes the flow pattern significantly, and hence it becomes very difficult to see the effect of the natural convection. However, later on for some experiments, The flow rate of water at the inlet to the tundish was maintained at 10.6 lpm to maintain a steady state height of 0.167 m. The water temperature was around 23°C for all experiments. A hot water tank was placed beside the tundish where the water temperature was maintained at around 50-55°C. In order to introduce step inputs of hot water at the inlet, hot water from the tank was allowed to mix with the existing water at the inlet. The flow rate of the hot water from the tank was varied in order to produce step inputs of 10-15 degrees. As such, the inlet temperatures were raised so as to be 33°C-38°C respectively. A red tracer (food colour) was introduced along with the hot water, and tracer dispersion studies were done using a high definition video camera. Three k-type thermocouples were placed at the inner strand, outer strand and the inlet, to monitor the variations in temperature. The thermocouples were connected to a computer through a data acquisition system, and the thermal response curves were recorded. During the experiment, after about 60-70 seconds, the tracer mixed uniformly within the tundish, resulting in a totally red coloured fluid, and the movement of the wave front of the tracer could not be demarcated any more. So the high definition video photography was done only until 70 seconds from the time of injection of the tracer. A schematic diagram of the experimental set up is given in Fig. 1(b) . Table 1 shows the properties of water and liquid steel. The value of the step increase in water temperature was selected by maintaining a similarity criterion, called the Tundish Richardson number (Tu) 3 , similar for the model and the prototype. The above equation basically represents a ratio of the buoyancy forces to the inertial forces, and this ratio was kept the same for the model and the prototype. Following this similarity criterion, the following relationship is obtained. So step inputs of 10-15 degrees in the water model correspond to a step input of 23-34 degrees in liquid steel. In this paper 'degrees' always refer to °C.
Validation of the Mathematical Model against Experimental Results
In the present study, mathematical modelling has been performed to study the effects of non-isothermal conditions on melt flow in a tundish. It is absolutely necessary to validate the mathematical models with corresponding physical experiments. In this section, the mathematical model is validated against the water modelling results. The colour map in the Figures indicate the concentration of the tracer and is the same for each Figure, the red colour at the top representing unit concentration at the inlet, and the blue colour at the bottom indicates 1% of the inlet value (Fig. 2) . Figure 3 compares the numerically predicted and experimentally observed tracer dispersion behaviour in the bare tundish under isothermal conditions. The profiles of the wave fronts are pretty similar. Figures 4 and 5 show the comparison between the numerically predicted and experimentally observed tracer mixing patterns in the bare tundish for step-up inputs of 10 and 15 degrees respectively. Here, also the mixing patterns predicted by the mathematical model are very similar to those obtained in the experiments. The minor differences can be attributed to the highly statistical nature of turbulent flow. Also, using another turbulence model or DNS may perhaps eliminate the minor, local, differences in the mixing patterns. Use of an even finer mesh may also help the purpose as well. However, the results are very similar and the mathematical model is robust. Figure  6 provides the comparison between the numerically predicted and experimentally observed tracer mixing patterns in the tundish fitted with the standard impact pad for a step-up of 15 degrees. The numerical predictions are in good agreement with the physical modelling results.
So far, the mathematical model was validated qualitatively. For quantitave validation, the thermal response curves for a couple of cases have been compared. They are presented in Figs. 7 and 8 . The numerically predicted thermal response curves for both the cases are pretty similar (± 12%) to those obtained from experimental measurements. Fluctuations are always inherent in thermocouple data. The small variations may be attributed to small experimental errors and choice of the turbulence model. Figure 9 shows the computed or predicted contours of tracer concentration within the bare tundish under isothermal conditions. The wave front of the tracer forms a curvilinear profile at the beginning but eventually becomes flat towards the end of the tundish. The interesting observation is that the tracer mixes much faster in the back wall plane close to the shroud as compared to that on the front wall, which is further away from the ladle shroud. This occurs because of higher turbulence in the vertical plane near the shroud, and the higher turbulence enhances the mixing. Figure 10 represents the contours of tracer concentrations within the bare tundish following a step-up of 10 degrees when the inlet temperature climbs to 33°C. The dispersion of the tracer is quite similar to the isothermal system for the first 14 seconds. After that, the dispersion of the tracer changes totally. The wave front starts changing shape, such that the tracer near the top surface of the tundish tends to move faster than that near the bottom. Towards the end of the tundish, at around t = 30-35 s, the tracer is pushed upwards, and then it starts mixing from the top towards the bottom of the tundish. Here also, the tracer mixes much faster near the back wall as opposed to the front wall. The change in behaviour in the tracer dispersion can be attribut- ed to the buoyancy forces which come into play owing to the non-isothermal conditions. Initially, in the jet entry zone of the tundish, the turbulence is very high, and hence the inertial forces dominate. So the tracer dispersion behaviour is same for both the isothermal and non-isothermal systems. However, towards the extremities of the tundish, the inertial flows (turbulence) become significantly lower, and now the buoyancy forces become more significant as opposed to inertial forces. So the mixing pattern of the tracer changes near the ends of the tundish away from the jet entry zone. The hotter water has a lower density than the cooler water, and hence moves upwards and pushes the tracer towards the top surface. Now if the thermal gradient is greater than 10 degrees, the effect of buoyancy forces will be even more significant. This is evident in Fig. 11 , where there is a stepup of 15 degrees.
Results and Discussion

Non-isothermal Conditions in the Bare Tundish
From the above results, it is clear that the non-isothermal conditions do affect the fluid flow within a tundish. So far only step-ups in temperature have been considered. However, there could be situations involving a step-down in temperature. For example, a new ladle of steel, for some reason can be at a lower temperature than the existing steel in the tundish. Similarly, towards the end of emptying a ladle, there tends to be a precipitous drop in temperature, so the entering steel becomes lower than the liquid steel within the tundish. For either case, opening up a new ladle like that could result in a step-down condition. Figure 12 represents contours of tracer concentration in a tundish, where there is a step-down of 15 degrees. The fluid in the tundish was at 38°C and cold water was introduced to make the inlet temperature 23°C. Here, the mixing behaviour of the tracer changes completely, as compared to that with an initial stepup condition. Initially, in the turbulent zone, the wave fronts are quite similar to that for an isothermal system. Towards the ends of the tundish, the buoyancy forces dominate, and now the colder water, being heavier, pushes down below the existing hotter fluid in the tundish. It is very interesting to see how the fluid flow pattern changes under non-isothermal conditions. Figures 13(a) to 13(d) represent the velocity field on a vertical plane through the ladle shroud, at different intervals of time. The velocity fields are assembled together to show isothermal conditions, a step-up of 15 degrees and a step-down of 15 degrees, so as to give a better comparison of the results. A colour map for the velocity fields is given in Fig. 14 . Significant differences in the flow patterns can be observed between the iso- ISIJ International, Vol. 52 (2012), No. 11 thermal, step-up and step-down conditions. For the tundish with a step-up of 15 degrees, an upward flow is formed away from the jet entry zone, and this is responsible for pushing the tracer upwards. This upward flow gets stronger with time. The upward flow could be beneficial in enhancing inclusion separation, as it would carry some inclusions upwards and allow them to join in the upper slag phase. However, for the tundish with a step-down of 15 degrees, a strong downward flow is formed and this results in the tracer being pushed downwards. This downward flow would even worsen the steel cleanliness by dragging more inclusions down into the SENs. So, a step-down condition is much more harmful than a step-up condition and care should be taken in the plant to avoid step-down conditions. Figure 15 shows the RRI versus time plot for a step-up of 15 degrees. It is clearly seen that the upward buoyancy flows enhance inclusion floatation, which is reflected as lower RRI values as we progress in time. On the contrary, for a step-down condition, the RRI values increase with time, for every size range of inclusions. This is shown in Fig. 16. 
Non-isothermal Conditions in the Tundish Fitted
with an Impact Pad The bare tundish had been considered so far. In most steel plants, an impact pad is used just beneath the shroud. At RTIT/QIT, the standard impact pad (Fig. 17) is used during most casting sequences. So it would be very interesting to see how flow patterns change under non-isothermal conditions in the tundish fitted with the standard impact pad. Figure 18 shows the tracer dispersion behaviour in the tundish fitted with the standard impact pad under isothermal conditions. The tracer first mixes within the impact pad zone and then starts advancing further. Within the impact pad zone, a recirculation is formed which initially retains the tracer within itself. The tracer moves upwards, because of this recirculation, and then advances towards the ends of the tundish along the top surface. With time, the tracer mixes from the upper surface towards the base of the tundish. Figure 19 represents the tracer mixing behaviour within the tundish fitted with the standard impact pad for a step-up of 10 degrees. Not much difference is observed here, when compared to that under isothermal conditions. The simple reason for this is the presence of the pad. The impact pad already generates a strong recirculation in the jet entry zone which directs the flow upwards. The incoming hot fluid is carried upwards as a result of this recirculation. Now the buoyancy forces become significant towards the ends of the tundish only when the hot fluid being lighter start rising upwards. Since here the hot fluid is already carried upward because of the impact pad, strong buoyancy forces are not generated towards the extremities of the tundish, and hence there is little difference between isothermal and non-isothermal conditions. This fact is also evident when the step-up is even more. It is clearly seen, there is not much difference in the flow field under isothermal and non-isothermal conditions. Some minute differences can be observed within the recirculation zone within the standard impact pad. As the flow pattern is not changed significantly due to the presence of the impact pad, inclusion behaviour should not be affected as well under non-isothermal conditions. To confirm this, the DPM approach was again used to see the RRI versus Time plots (Fig. 22) for inclusion size ranges of 60-100 μ m.
The RRI remains fairly constant for the entire period of 70 seconds. So incorporating the McGill Standard Impact Pad definitely annihilates the effects of natural convection. The mathematically predicted RRI values are very reliable and that is evident from the experiments performed at the MMPC's water modelling laboratory, where the aqueous particle sensor (APS) or the water LiMCA was used to measure the RRI values for a couple of tundish configurations at steady state. 12) Hollow glass micro-spheres of size range 50-150 microns were injected through the shroud and RRI was evaluated for the bare tundish and that with the standard impact pad at steady state. The functioning of the LiMCA device is such that, a probe is placed near the outlet of the tundish. It has two electrodes in it, and as soon as a particle passes through it, there is a change in resistance, which is recorded as a peak in the processed signal. The height of the peak is proportional to the size of the particle. In this way we are able to detect the size range and number of inclusions passing thorough the SENs and calculate the RRI. Figure 23 shows the experimentally measured RRI values at steady state and its comparison with the numerical predictions. The legend 'inner' denotes the inner strands and the legend 'outer' denotes the outer strands.
The numerical model tends to slightly over predict the RRI values in all cases, but the trends are quite similar for both tundish configurations. The small variations are due to the fact that the numerical calculations are based on the RANS equations along with the k-ε turbulence model and discrete random walk model. Also, certain assumptions are taken into consideration like; inclusions are elastically colliding with the tundish walls, inclusions are completely trapped in the top surface of the tundish and finally, collisions between inclusions are neglected. However, in reality, some of these assumptions are not true and hence there is a deviation in the results. Considering 3D turbulent flow, these deviations will always be present between the physical and mathematical models. However, the 3D mathematical model gives the exact trend of the RRI versus inclusion size range and can be used for comparative analyses.
Conclusions
The mathematical model proved to be very efficient in predicting the behaviour of non-isothermal melt flows in the four strand delta shaped tundish. Under non-isothermal conditions, natural convection becomes quite significant near the extremities of the tundish, away from the jet entry zone. The flow patterns generated under a step-up condition (i.e. hotter steel from the ladle is coming into a cooler tundish) are totally different to those generated in a step-down condition (i.e. cooler steel from the ladle is coming into a hotter steel melt within the tundish). The former is believed to enhance inclusion flotation because of the presence of an upward buoyant flow, while the latter seems to push down the liquid into the strands, thereby worsening the liquid steel quality. The presence of an impact pad annihilated the effects of the non isothermal conditions. The above facts are supported by detailed calculations of Residual Ratio of Inclusions under non-isothermal conditions. The numerical predictions were in very good agreement with water model experiments both in terms of fluid flow patterns and thermal response curves. 
